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INTRODUCTION 

The r ad ia t ion  hazard of energetic protons trapped i n  t h e  Ea r th ' s  

magnetic f i e l d  becomes an important consideration f o r  manned, low- 

th rus t ,  i n t e rp l ane ta ry  vehic les  because of t h e  long period of t i m e  

t h a t  such a vehic le  must spend i n  the  region near t h e  Earth. 

vantage of high payload r a t i o s  a t t a inab le  with low-thrust e l e c t r i c a l l y  

propelled vehic les  may be se r ious ly  o f f s e t  by t h e  necess i ty  of in -  

creased s h i e l d  weight t o  pro tec t  aga ins t  Van Allen rad ia t ion ,  

The ad- 

An estimate of t h e  in t eg ra t ed  dose  received during a high t h r u s t  

l una r  t r a j e c t o r y  through t h e  rad ia t ion  b e l t s  behind various thickness 

of carbon s h i e l d  has been made (ref, 1). Also, a method of computing 

t o t a l  t ime-integrated proton f l u x  f o r  an a r b i t r a r y  t r a j e c t o r y  through 

t h e  inne r  Van Allen be l t  has been formulated, and examples of i n t e -  

g ra t ed  f l u x  f o r  c i r c u l a r  o r b i t s  are of fered  i n  re ference  2, 

mate ca l cu la t ion  of t he  upper and the lower l i m i t s  of the  in t eg ra t ed  

proton f l u x  encountered during a low t h r u s t  departure from an Earth 

orbit was made fo r  a t h r u s t  t o  weight  r tz i io  of lo-* (ref, 3 ) .  

An approxi- 

This paper presents  an estimate of t h e  t ime-integrated f l u x  for 
-4 t r a j e c t o r i e s  having a constant acce lera t ion  i n  t h e  range of 5x10 t o  
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m/sec2 and a n  i n c l i n a t i o n  (angle between t h e  vehic le  o r b i t  plane 

and the  equatorial. plane) i n  the  range of 0' t o  90'. 

SPATIAL DISTRIBUTION OF FLUX 

The d i s t r i b u t i o n  of the  proton flux contours was assumed t o  be t h a t  

given i n  reference 3 and i s  reproduced i n  f i g u r e  1. 

protons with energies g r e a t e r  than 40Mevare p lo t t ed  i n  the  geomagnetic 

plane. This would 

be the  ac tua l  d i s t r i b u t i o n  i n  space i f  the Earth's magnetic f i e l d  were 

a pe r fec t  Earth-centered d ipo le  field.  This, of course, i s  not the 

case. The d i s t r i b u t i o n  i s  d i s t o r t e d  t o  various degrees f o r  d i f f e r e n t  

values of longitude. 

base poin t  i n  the  f i g u r e  are given i n  reference 3. 

every poin t  i n  t h e  d i s t r i b u t i o n  was ro t a t ed  through the same angle and 

t r a n s l a t e d  through the same dis tance  as the base poin t  for tha t  par- 

t i c u l a r  longitude. 

t h e  d i s t o r t e d  f i e l d  can be represented by t h e  c e n t r a l  por t ion  of a 

d ipo le  f ie ld .  

Flux contours of 

The m a x i m u m  i n t e n s i t y  i s  4=O4 protons/( em2) (sec). 

The va r i a t ions  i n  l a t i t u d e  and a l t i t u d e  of the 

It w a s  assumed tha t  

This assumption implies  tha t  t he  c e n t r a l  region of 

The approximation is b e t t e r  than the  assumption tha t  the Ea r th ' s  

magnetic f i e l d  can be represented by  a displaced d ipole  f i e l d  but i s  

i n f e r i o r  t o  a desc r ip t ion  of t h e  f i e l d  based on a sphe r i ca l  harmonic 

analysis. 

l o c a t i o n  of t he  upper d t i t u d e  contours i n  t he  d ipole  plane and i n  the  

temporal v a r i a t i o n s  of t he  contour loca t ions  do not warrant t h e  com- 

pu te r  time requi red  f o r  low-thrust ca lcu la t ions  based on an accura te  

f i e l d  description, 

It i s  fe l t ,  however, tha t  present-day unce r t a in t i e s  i n  the 
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VEHICLE "FWXCTORY 

The vehic le  was assumed t o  have constant t angen t i a l  acce le ra t ion  

throughout i t s  passage through the  belt. The r e s u l t s  are a l s o  appl i -  

cable with l i t t l e  e r r o r  t o  vehic les  employing constant-thrust  engines 

s ince  t h e  change i n  mass during this period is  q u i t e  s m a l l  f o r  the 

spec i f i c  impulses t y p i c a l  of e l e c t r i c  propulsion. 

For a given f l u x  d i s t r i b u t i o n  i n  space, t h e  in t eg ra t ed  f l u x  i n -  

c ident  on a vehic le  i s  a function of t h e  acce le ra t ion  a, t h e  inc l ina-  

t i o n  of the  s p i r a l  plane t o  t h e  equator I, and t o  some exten t  the 

coordinatesbof t h e  poin t  a t  which the s p i r a l  i s  i n i t i a t e d :  

i n t eg ra t ed  f lux  = f(a, I, s t a r t i n g  poin t )  

The in t eg ra t ed  f l u x  decreases with increas ing  acce lera t ion  because 

less t i m e  i s  spent i n  t h e  region of t h e  be l t s .  There i s  a p r a c t i c a l  

upper l i m i t  on t h e  acce lera t ion  of vehicles employing e l e c t r i c  engines 

t h a t  results from the  subs t an t i a l  weight of t h e  necessary e l e c t r i c a l  

power-generation equipment. 

f l u x  w a s  i nves t iga t ed  i n  t h e  range of SUO-* t o  

The e f f e c t  of acce le ra t ion  on in tegra ted  

m/sec2. 

For a given set  of conditions, t he  in t eg ra t ed  flux would be a min- 

(polar s p i r a l ) .  0 i m u m  f o r  an i n c l i n a t i o n  of 90 

t ions ,  however, might make a smaller value of i n c l i n a t i o n  desirable. 

Other mission considera- 

The e f f e c t  of i n c l i n a t i o n  on t h e  in tegra ted  flux w a s  inves t iga ted  

throughout t h e  range of poss ib le  inclinations,  

The a l t i t u d e  of the i n i t i a l  c i r cu la r -o rb i t  rad ius  has neg l ig ib l e  

e f f e c t  on t h e  in t eg ra t ed  f lux as long as it i s  l e s s  than t h e  a l t i t u d e  

of t h e  bottom of the  belt. A vehicle t h a t  i n i t i a t e s  a s p i r a l  a t  a low 
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a l t i t u d e  w i l l  eventually achieve t h e  a l t i t u d e  of a vehic le  t ha t  might 

start at a higher a l t i t ude .  The d i f fe rences  i n  the t r a j e c t o r i e s  *om 

t h a t  po in t  on are negligible,  

l a t i t u d e  e x i s t s  a t  which t o  i n i t i a t e  a s p i r a l  because of the rad ia t ion-  

free zones near t h e  poles and t h e  i r r e g u l a r  shape of the  b e l t  about t h e  

Earth,  

case f o r  a low-acceleration s p i r a l ,  the advantage of s t a r t i n g  a t  t h i s  

poin t  is  negligible,  

A best combination of longitude and 

For a l a r g e  number of passes through the bel t ,  as would be the  

CALC-ON PROCEDURE 

The in t eg ra t ed  flux was calculated i n  terms of t he  equivalent 

number of hours a veh ic l e  spends a t  the poin t  of maximum in tens i ty .  It 

was f e l t  t h a t  t h i s  measure of t h e  flux would have g r e a t e r  physical  s ig -  

n i f icance  than would the t o t a l  number of protons s t r i k i n g  a square cen- 

timeter of area, 

appropr ia te  f o r  t h e  h e a r t  of t h e  belt, can be used t o  estimate t o t a l  

r a d i a t i o n  dose. This procedure necessar i ly  presumes t h a t  an inva r i an t  

relative energy spectrum p reva i l s  throughout the bel t ,  an assumption 

known t o  be untrue, bu t  one that  cannot be s i g n i f i c a n t l y  improved upon 

w i t h  cur ren t  information. 

Equivalent hours, along w i t h  a set of dose rate curves 

A s h o r t  IBM 7094 computer program w a s  wr i t t en  t o  compute the 

equivalent t i m e  a t  maximum intensity.  The program accepts values of 

r ad ius  r a t i o  p and c e n t r a l  angle 8 a t  various times t obtained 

from reference  4 f o r  a p a r t i c u l a r  acceleration. Values of  p and 6 

are obtained a t  2-min i n t e r v a l s  by three-point in te rpola t ion .  These 

po la r  coordinates i n  a plane inc l ined  an angle I w i t h  the equator 
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are transformed into geographic coordinates in a system that rotates 

with the Earth. 

vehicle are obtained at each interval of time, 

dinates are then corrected for the variation of the position of the flux 

contours with longitude. The corrected coordinates are used to obtain 

values of flux ratio (the ratio of flux at the point to the maximum 

flux) from a mathematical model of the distribution in the geomagnetic 

plane. 

elliptical segments, the lower contours by segments of a circle, 

smooth variation of intermediate contours was assumed. 

values of flux ratio at 2-min intervals of time are numerically inte- 

grated by Simpson's rule. 

spent at the point of maximum intensity expressed in hours. 

Thus, the longitude, latitude, and altitude of the 

The geographic coor- 

The upper contours of the distribution were approximated by 

A 

Finally, the 

The result is the equivalent length of time 

RESULTS 

The effect of acceleration can be seen in figure 2. Curves of 

equivalent hours at the heart of the belt versus acceleration are drawn 

for inclinations of Oo, 28.4', 6OoY and 90'. An orbit plane of 28-4' 

would be achieved by launching a rocket due east from Cape Canaveral. 

The effect of inclination on the integrated flux is shown in 

figure 3. 

ular inclination to the equivalent time for an equatorial spiral is 

plotted versus inclination, A considerable gain can be realized by 

increasing the inclination a s m a l l  amount in the range of' low inciina- 

tions. 

by more than a factor of 4 by selection of a polar spiral rather than 

an equatorial spiral for a particular mission. 

In this figure, the ratio of equivalent time for a partic- 

For a given acceleration, the integrated flux can be reduced 



- 6 -  

For acce lera t ions  not exceeding m/sec2 (above which t h e  start- 

ing  poin t  of the t r a j e c t o r y  becomes an important parameter), t h e  d a t a  

of f igu res  2 and 3 can be expressed by the simple r e l a t i o n  

equivalent time (hr) = - Kl% 
a 

where 

a acce lera t ion ,  m/sec2 

K1 
% r a t i o  of equivalent time f o r  i nc l ina t ion  I t o  equivalent t i m e  

0.25 ( h r )  (m)/sec2, a constant obtained from f i g u r e  2 

t i m e  f o r  i n c l i n a t i o n  of Oo, obtained from f igu re  3 

As an example of t h e  s ign i f icance  of t h e  presented r e s u l t s ,  

f i g u r e  2 i n d i c a t e s  t h a t  a spacecraf t  t r a v e l i n g  with an acce le ra t ion  

of ~ X L O - ~  m/sec2 i n  a plane inc l ined  28.4' would accumulate a dose 

equivalent t o  a residence of 28.5 hr i n  t h e  h e a r t  of t h e  proton belt. 

With t h e  r ep resen ta t ive  sh ie ld ing  da ta  of re ference  5, t h i s  would 

correspond t o  a required s h i e l d  dens i ty  of 100 g/cm 

t h e  dose were t o  be l imi t ed  t o  30 rem from t h i s  source. 

2 of aluminum i f  
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Fig. 1. - Proton  d i s t r i b u t i o n  i n  the  Van Allen b e l t  
p l o t t e d  In the  geomagnetic plane ( reproduced  from 
Ref. 3 ) .  
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Fig .  3 .  - E f f e c t  of I n c l i n a t i o n  on in t eg ra t ed  flux. 
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